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Despite the fact that most industrial processes for secondary metabolite production are performed with
submerged cultures, a reliable developmental model for Streptomyces under these culture conditions is lacking.
With the exception of a few species which sporulate under these conditions, it is assumed that no morphological
differentiation processes take place. In this work, we describe new developmental features of Streptomyces
coelicolor A3(2) grown in liquid cultures and integrate them into a developmental model analogous to the one
previously described for surface cultures. Spores germinate as a compartmentalized mycelium (first myce-
lium). These young compartmentalized hyphae start to form pellets which grow in a radial pattern. Death
processes take place in the center of the pellets, followed by growth arrest. A new multinucleated mycelium with
sporadic septa (second mycelium) develops inside the pellets and along the periphery, giving rise to a second
growth phase. Undecylprodigiosin and actinorhodin antibiotics are produced by this second mycelium but not
by the first one. Cell density dictates how the culture will behave in terms of differentiation processes and
antibiotic production. When diluted inocula are used, the growth arrest phase, emergence of a second myce-
lium, and antibiotic production are delayed. Moreover, pellets are less abundant and have larger diameters
than in dense cultures. This work is the first to report on the relationship between differentiation processes and

secondary metabolite production in submerged Streptomyces cultures.

Streptomyces is a soil bacterium that produces numerous
clinically useful antibiotics (1, 54, 66), as well as many mole-
cules that affect eukaryotic systems, such as inducers of eu-
karyotic cellular differentiation, inducers and inhibitors of
apoptosis (59), and protein C kinase inhibitors with antitumor
activity (such as staurosporine and others) (48, 57). Moreover,
its remarkably complex developmental cycle makes this micro-
organism an interesting subject for study. The traditional de-
velopmental cycle of this bacterium describes two differenti-
ated mycelial structures, a substrate (vegetative) mycelium and
an aerial (reproductive) mycelium (10, 25, 33). In the substrate
mycelium, septa are thought to be widely spaced and to define
compartments containing several nucleoids (10, 63). After a
short growth arrest phase characterized by reduced macromo-
lecular synthesis (25), aerial hyphae develop from simple
branching from substrate mycelium (29). Finally, the tips of the
aerial mycelium differentiate into hydrophobic spore chains
(8). Recently, we have been able to extend what is known
about the developmental cycle in surface confluent cultures a
great deal. Our main contribution has been to reveal the exis-
tence of a very young compartmentalized mycelium that dies
following an orderly pattern, leaving alternating live and dead
segments in the same hypha (37). Subsequently, the remaining
live mycelium grows in successive waves that vary according to
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the density of the spore inocula. In the presence of dense
inocula, the hyphae develop in regular circles approximately
0.5 cm in diameter (38). In contrast, with highly diluted spore
inocula, hyphae develop initially in the form of smaller circles
measuring 0.9 mm in diameter. Further mycelial development
occurs between the second mycelium circles or islands until the
plate surface is totally covered. The second mycelium is a
syncytium (multinucleated structure) with sporadic septa,
which presents the hydrophobic properties that characterize
aerial hyphae (14, 41). This multinucleated mycelium suffers a
second death round before to the sporulation phase (39-44),
which corresponds to the one previously described by other
authors that affects substrate hyphae (11, 25, 42, 62).

Although most industrial processes for secondary metabolite
production are performed with liquid cultures, Streptomyces
strains generally do not sporulate under these conditions (15,
45, 49); therefore, reliable morphological markers are lacking
for liquid cultures and in-depth developmental studies have
not been performed. Other published reports on Streptomyces
in submerged cultures have focused on the relationships be-
tween culture media and/or microbial morphology and antibi-
otic production (5, 16, 19, 24, 32, 53, 68). Nutrient limitations
and carbon or nitrogen sources can affect antibiotic produc-
tion. Four morphological types of mycelial growth have been
distinguished in submerged Streptomyces cultures: pellets
(compact masses 950 um in diameter), clumps (less compact
masses 600 wm in diameter), branched hyphae, and non-
branched hyphae (16). Some of these structures develop in the
form of a biofilm consisting of sticky extracellular polymers
and insoluble substrates (35).



3878 MANTECA ET AL.

In this work, we have extended our previous investigations of
Streptomyces development on solid cultures (37-39) to sub-
merged conditions. Certain interesting features similar to
those formerly described in surface cultures arise, such as the
presence of different mycelial types, as well as a cell death
process which precedes antibiotic production. Cell types func-
tionally similar to the formerly termed second mycelium (the
precursor of aerial mycelium in solid media) (37, 38, 41) are
postulated to be the ones responsible for antibiotic synthesis.

MATERIALS AND METHODS

Strains and media. Streptomyces coelicolor strain M145 was used in all of these
studies (33). It was grown and maintained by following standard procedures (30).
S. coelicolor strain M600 harboring the promoter of the redD gene fused with the
enhanced green fluorescent protein (eGFP) gene was also used (54). Cultures
were performed with R5A liquid medium lacking sucrose (21). Flasks of 100 ml
with 20 ml of culture medium were inoculated directly with freshly prepared
spores at different densities (1 X 107 or 1 X 10°/ml) and incubated at 200 rpm
and 30°C.

Viability staining. Culture samples were obtained and processed for micros-
copy at different incubation time points, as previously described for Streptomyces
cultures grown under submerged conditions (20). Cells were stained with a
non-cell-permeating nucleic acid stain (propidium iodide, PI) in order to detect
the dead cell population and with SYTO 9 green fluorescent nucleic acid stain
(LIVE/DEAD Bac-Light bacterial viability kit, L-13152; Invitrogen) to detect
viable cells. The SYTO 9 green fluorescent stain labels all of the cells, i.e., those
with intact membranes, as well as those with damaged ones. In contrast, PI
penetrates only bacteria with damaged membranes, decreasing SYTO 9 stain
fluorescence when both dyes are present. Thus, in the presence of both stains,
bacteria with intact cell membranes appear fluorescent green whereas bacteria
with damaged membranes appear red (27). Samples were examined, after being
left for at least 10 min in the dark, under a Leica TCS-SP2-AOBS confocal laser
scanning microscope at excitation wavelengths of 488 and 568 nm and an emis-
sion wavelength of 530 nm (green) or 630 nm (red) (optical sections of about 0.2
pm). Images were mixed with the Leica Confocal Software. In some cases,
samples were also examined in differential interference contrast mode, which is
available with the same equipment. A significant number of images were ana-
lyzed in a minimum of three independent culture analyses.

Cell wall staining. Streptomyces cells were collected by centrifugation at vari-
ous time points. Harvested mycelium was processed as described elsewhere (52).
Cells were fixed in 2.8% paraformaldehyde, 0.0045% glutaraldehyde in phos-
phate-buffered saline (PBS) (0.14 M NaCl, 2.6 mM KCl, 1.8 mM KH,PO,, 10
mM Na,HPO,) for 15 min at room temperature and washed twice with PBS.
Wheat germ agglutinin conjugated with Texas Red (W-21405; Invitrogen), which
binds selectively to N-acetylglucosamine and N-acetylneuraminic acid, was used
to stain cell walls. Fixed cells were incubated for 1 min in 2 mg lysozyme ml™' in
glucose-Tris-EDTA (50 mM glucose, 20 mM Tris-HCI [pH 8], 10 mM EDTA).
The samples were washed again with PBS and blocked in 2% bovine serum
albumin in PBS for 5 min. Wheat germ agglutinin was added at a concentration
of 100 mg ml~ ! in 2% bovine serum albumin in PBS, and samples were incubated
at room temperature for 3 h. Finally, the samples were washed eight times with
PBS and observed under the confocal microscope at an excitation wavelength of
595 nm and an emission wavelength of 615 nm.

Vancomycin stains nascent peptidoglycan (23). BODIPY FL vancomycin
(V34850; Invitrogen) was used at a concentration of 0.5 ug ml~! in PBS to stain
fixed cells (15 min). Samples were then washed twice with PBS and observed
under the confocal microscope at an excitation wavelength of 505 nm and an
emission wavelength of 513 nm.

Membrane staining. Samples were processed and fixed as in the case of cell
wall staining (see above). Lipophilic styryl dye, N-(3-triethylammoniumpropyl)-
4-(p-diethylaminophenyl-hexatrienyl)pyridinium dibromide (FM 4-64) (T-3166;
Invitrogen), was added at a final concentration of 1 mg ml~', and samples were
incubated at room temperature for 3 h. Samples were washed twice and observed
under the confocal laser-scanning microscope at an excitation wavelength of 550
nm and an emission wavelength of 700 nm.

Sampling of Streptomyces throughout the differentiation cycle. Samples of S.
coelicolor obtained from submerged cultures were centrifuged (77,406 X g, 30
min at 4°C). Supernatants were used to estimate extracellular proteins. To obtain
cell extracts, the mycelium pellets were resuspended in a known volume of buffer
A (Tris-HCI at 20 mM [pH 8], EDTA at 1 mM, B-mercaptoethanol at 7 mM,
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phenylmethylsulfonyl fluoride at 0.5 mM) and ruptured in an MSE Soniprep 150
by six cycles of 10 s on ice, after which the samples were centrifuged at 77,406 X
g in an Eppendorf microcentrifuge for 30 min at 4°C. The supernatant fraction
was used as the cellular fraction. For dry cell weight determinations, samples (5
ml in triplicate) of cellular suspensions were collected on preweighed 0.45-pm
filters and dried at 100°C to a constant weight.

Activity gel analysis. Nucleases were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (36) in a 12% gel containing 10 pg/ml dena-
tured calf thymus DNA (Sigma). The sodium dodecyl sulfate used for these
experiments was USB-US75819 from Amersham Biosciences. After electro-
phoresis, the proteins were renatured by repeatedly washing the gel with rena-
turation buffer (Tris-HCI at 25 mM [pH 8.8], EDTA at 1 mM, B-mercaptoeth-
anol at 7 mM) for 2 h at 4°C. Nuclease activity was visualized by incubating the
gels for 1 h at 37°C in 20 mM Tris-HCI (pH 8.0)-7 mM 2-mercaptoethanol-10
mM MgCl,-5 mM CaCl,-10% dimethyl sulfoxide buffer as reported elsewhere
(44), followed by staining with ethidium bromide and analysis under UV light.
Micrococcal nuclease (16.7 kDa) and bovine pancreatic DNase I (31 kDa)
(Amersham Pharmacia Biotech) were included as positive controls. The repro-
ducibility of the data shown has been corroborated by at least three independent
cultures and nuclease analysis at various developmental time points.

Hexokinase activity and protein analysis. The presence of hexokinase activity
in the extracellular medium was tested in the supernatant fractions (see above)
(39). Determination of protein concentrations was carried out by the Bradford
assay (4) with a bovine serum albumin standard (Sigma).

Antibiotic quantification. Undecylprodigiosin and actinorhodin were quanti-
fied spectrophotometrically according to Tsao et al. (57) and Bystrykh et al. (7).
Cells were ruptured in the culture medium by adding 0.1 N KOH. After vortexing
and centrifugation, actinorhodin was quantified in the supernatant (g¢49 =
25,320). Undecylprodigiosin was measured after vacuum drying of the mycelium,
followed by extraction with methanol, acidification with HCI (to 0.5 M), and a
spectrophotometic assay (€53 = 100,500). Reproducibility has been corrobo-
rated by at least three independent cultures and nuclease analysis at various
developmental time points.

RESULTS

CLSM analysis of development-linked cell death processes
of S. coelicolor A3(2) in submerged cultures. S. coelicolor A3(2)
was grown at two different inoculum densities, and the devel-
opment processes were followed under confocal laser scanning
fluorescence microscopy (CLSM) after SYTO 9 and PI stain-
ing (see Materials and Methods).

Figure 1 shows the developmental cycle of S. coelicolor
A3(2) at an inoculum density of 107 spores/ml (see Materials
and Methods). Hyphae with gaps separating nucleoids (com-
partmentalized first mycelium; see below) are perceptible at
early time points (Fig. 1a; see also Fig. 3 and below). These
hyphae form pellets which start to grow in a radial pattern and
begin to die from the center outward at 14 h (Fig. 1b and c).
Death processes inside mycelial masses coincide with a growth
arrest, which is discernible by the fact that the pellet diameter
ceases to increase (Fig. 1c and d; see also Fig. 4 and below).
Later (approximately 50 h), development of the remaining
viable mycelium inside the pellets resumes (Fig. 1e). This my-
celium now develops as a syncytium with sporadic septa (Fig.
1i; see below and Fig. 3k, 1, o, and p). Pellet diameters increase
(Fig. 1f and g), thereby prompting culture growth to recom-
mence.

The developmental cycle of an S. coelicolor culture obtained
with a diluted inoculum (10° spores/ml) is shown in Fig. 2. As
observed in the higher-density inoculum culture, there is a
compartmentalized mycelium (Fig. 2a) which begins to grow in
the form of pellets. These masses continue to grow radially
while undergoing conspicuous death processes in their centers
(Fig. 2b and c) until about 50 h, at which point a growth arrest
is observed (Fig. 2d and e). As described above, this is followed
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FIG. 1. CLSM analysis of the development-linked cell death processes of S. coelicolor A3(2) in submerged cultures (1 X 107 spores/ml). Images
correspond to culture preparations stained with SYTO 9 and PI. Culture time points (hours), pellet diameters (micrometers), and the growth arrest
phase are indicated. Arrows in panel a point to septa. MI, first mycelium; MII second mycelium. For details, see the text.

(80 h) by the development of a second, multinucleated, myce-
lium in the center and periphery of the pellets (Fig. 1f to i)
until they reach their maximum diameter (Fig. 1h). Differences
between dense- and diluted-inoculum cultures are therefore
mainly noticed in the development onset times of the multinu-
cleated mycelium following the growth delay, at 48 to 50 h for
the hyphae in dense-inoculum cultures (Fig. 1e) and 80 to
100 h in diluted-inoculum cultures (Fig. 2e). Furthermore,
pellets are more abundant in the dense-inoculum cultures (not
shown) and have smaller diameters than those in diluted-inoc-
ulum cultures (compare Fig. 1g and 2h).

Details of the first, compartmentalized, mycelium described
above and the development of the second, multinucleated,
mycelium are shown in Fig. 3. Data were obtained from a
high-density inoculum culture; similar observations were made
in the diluted-inoculum cultures, although at different time
points (not shown). As previously stated, at 24 h (Fig. 3a) the
pellets are composed of hyphae in which gaps separating the
nucleoids are observed (Fig. 3f). Combination of a nucleic acid
stain (SYTO 9) with a stain specific for membranes (FM 4-64)
confirmed that this initial mycelium is compartmentalized by
membranous septa (Fig. 3g to i) and that the gaps observed
with the nucleic acid stain are always associated with at least
one of these membranes (Fig. 3g to i). However, there are also
membranous septa that are not associated with gaps (Fig. 3g to
i). Transient growth arrest (25 and 48 h) is followed by the
progressive growth of a second, multinucleated, mycelium
(Fig. 3b; details in panels c, j, and k and below; and panels o

and p). During this transition phase, growth-arrested, compart-
mentalized hyphae are visible (MI, Fig. 3j), together with cells
resuming growth in the form of hyphae with more widely
spaced septa (second, multinucleated, mycelium; MII, Fig. 3k).
At later time points (90 h, Fig. 3d and 1), all of the hyphae
appear as a syncytium with sporadic septa (Fig. 31). Further
observations with stains specific for membrane (FM 4-64) or
peptidoglycan (vancomycin) (see Materials and Methods)
were carried out in order to better characterize the septa of the
first- and second-mycelium hyphae. Figure 3m shows the early
mycelium stained with membrane-specific fluorochrome FM
4-64. Structures transverse to the hyphae are clearly visible
within the mycelium (arrows), which confirms the presence of
a membrane separating the cellular compartments. As de-
scribed previously in surface cultures (37), FM 4-64 stains
some zones of the Streptomyces compartmentalized hyphae
more intensely than others (Fig. 3m), a phenomenon also re-
ported in Escherichia coli (22). The intensely red-fluorescent
regions may be explained by the presence of membrane do-
mains with greater affinity for the dye (22, 37). The same
samples stained with vancomycin (Fig. 3n) displayed a majority
of membrane septa that are not associated with a cell wall or at
least cannot be detected by vancomycin staining. As expected,
all of the cell wall septa are associated with a membrane
(arrows in Fig. 3m and n). Multinucleated hyphae formed at
later time points after the transient growth arrest display
widely spaced septa composed of thick-walled membranes
(Fig. 30 and p).
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FIG. 2. CLSM analysis of the development-linked cell death processes of . coelicolor A3(2) in submerged cultures (1 X 10° spores/ml). Images
correspond to culture preparations stained with SYTO 9 and PI. Letters, numbers, and arrows are as in Fig. 1.

The development of the second, multinucleated, mycelium is
described in Fig. 3q to t. Figure 3q shows a mycelial pellet
stained as usual; dead processes are located in their center (red
fluorescence). Other areas of this section are not stained and
appear in black. However, when the same image was taken at
a higher laser intensity (Fig. 3r and t), a noticeable proportion
of the viable compartmentalized hyphae located there showed
a less prominent green fluorescence (asterisks). These cellular
green compartments (asterisks in Fig. 3s and t) are the pre-
cursors of the second, multinucleated, mycelium which start to
grow at later time points (see above).

Differentiation of submerged S. coelicolor A3(2) cultures de-
termines biphasic growth curves. Growth curves (total protein
and dry weight) were obtained from concentrated or diluted
inocula (Fig. 4). There are two distinct stages of exponential
growth separated by a temporary growth arrest phase (better
shown in the dry-weight curve in Fig. 4a). The two waves of
exponential growth correspond to the development of the first,
compartmentalized, mycelium and the growth of the second,
multinucleated, mycelium (Fig. 3 and above). As observed by
confocal microscopy (see above), the main difference between
the dense- and diluted-inoculum cultures is delayed develop-
ment in the latter case. Thus, a close correlation exists between
the morphological phases described above and the growth
curves. Streptomyces development under the above-described

submerged conditions could be summarized as the emergence
of two types of mycelia separated by a transient growth arrest
phase.

Cell lysis and nuclease activities during S. coelicolor death
processes in submerged cultures. The presence of cytosolic
enzymes in the culture medium is an indicator of cell lysis (39).
Hexokinase, an enzyme which plays an important role in
glycolysis, has been analyzed in the extracellular medium of
Streptomyces surface cultures in order to monitor cell lysis
subsequent to culture death processes (39). Variations in ex-
tracellular hexokinase activity with respect to culture incuba-
tion times were also studied in submerged cultures obtained
from concentrated or diluted inocula (Fig. 5a). The results
confirm the presence of this enzyme in the extracellular me-
dium, thereby corroborating the existence of a lytic process.
Lysis was preceded by the alteration of membrane permeabil-
ity, as demonstrated by PI staining (Fig. 1, 2, and 3). The
release of hexokinase gradually increases during the transient
growth arrest phase, followed by a subsequent massive in-
crease, coinciding with the widespread disintegration of dead
hyphae (Fig. 5a).

Programmed cell death (PCD) in Streptomyces has been
described as a genetically determined process around which
the differentiation events are structured (37-40). Nucleases are
fairly stable enzymes that participate in the death processes
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FIG. 3. Analysis of hyphal compartmentalization with several fluorescent indicators in submerged S. coelicolor cultures (1 X 107 spores/ml).
Letters, numbers, and arrows are as in Fig. 1 and 2. (a to f and j to 1) SYTO 9-IP staining. (g) SYTO 9 staining. (h) The same field as in panel
g, stained with FM 4-64. (i) Mixture of panels g and h. (m to p) Hyphae stained simultaneously with FM 4-64 (red) and vancomycin (green).
Arrowheads indicate septa composed of membrane (FM 4-64 staining) and thick cell wall (vancomycin staining). (q) Twenty-four-hour point
culture stained with SYTO 9-IP. (r) Same field as in panel g, taken with a higher laser intensity showing low-fluorescence hyphae in the pellet
center (arrow). (s and t) Details of the former field. Asterisks point to the cellular segments which develop further as a syncytial mycelium. See

the text for details.

and remain active until late culture time points. Activity gel
analysis of these enzymes is a simple and reliable way to detect
lytic processes associated with PCD (39). Figure 5b and ¢ show
the deoxyribonucleolytic activities detected during S. coelicolor
development in submerged cultures. The pattern of nuclease
appearance correlates with the aforementioned death indica-
tors, and the activity in cultures with a dense inoculum (Fig.
5b) is detected earlier than in cultures with a diluted inoculum
(Fig. 5¢). As clearly shown in the diluted-inoculum culture
(Fig. 5¢), a nuclease band of high molecular weight is detected
first in the cellular extracts (pellet; p in Fig. 5¢), and then 20-
to 22-kDa nucleolytic forms are detected in both cellular ex-
tracts and the extracellular medium, where they were released

by lysis. The high-molecular-weight protein corresponds to the
previously described nuclease precursor present only in cells at
early death times (39, 40). The smaller nucleases are likely
formed by proteolytic processing of the precursor within the
cytoplasm of the dying cells (Fig. 5¢) (39).

Together, the appearance of hexokinase and the nuclease
kinetics during death processes correlate well with the
CLSM observations, revealing that the phenomena observed
are similar to what has been reported in solid cultures
(38, 39).

Antibiotics are produced by the second, multinucleated,
mycelium which develops after cell death. S. coelicolor A3(2)
produces two well-characterized antibiotics, undecylprodigio-
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FIG. 4. Growth curves of S. coelicolor A3(2) in submerged cultures at two different inocula, 1 X 107 spores/ml (solid circles) and 1 X 10°
spores/ml (open circles). (a) Dry weight (milligrams per milliliter). (b) Total protein (milligrams per milliliter). Developmental phases observed
with the concentrated inoculum (top) and diluted inoculum (below) are shown at the top. Error bars indicate standard deviations.

sin and actinorhodin (30). The kinetics involved in the produc-
tion of these two antibiotics were analyzed within the context
of the developmental phases described above (Fig. 6a and b).
Antibiotic (undecylprodigiosin and actinorhodin) production
commences following the aforementioned transient growth ar-
rest (Fig. 1, 2, and 4), and antibiotic appearance correlates
strongly with the development of the second, multinucleated,
mycelium. In fact, in the diluted-inoculum culture, antibiotic
production is delayed until the second mycelium is formed
(compare Fig. 6a and b with Fig. 2).

Additional data that support the idea that the second,
multinucleated, mycelium is the antibiotic-producing structure
were obtained by the analysis of an S. coelicolor strain harbor-
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ing the redD gene promoter (which encodes a pathway-specific
regulatory protein for the production of undecylprodigiosin)
fused with eGFP (54; see Materials and Methods). Under the
culture conditions used in this work, S. coelicolor exhibits a
high degree of autofluorescence, which hinders the analysis of
eGFP expression. Despite this, it was possible to detect an
increase in the green fluorescence in the strain harboring the
eGFP gene at those time points (around 90 h in the dense-
inoculum culture) at which antibiotic production peaked (Fig.
6¢; data from diluted-inoculum culture not shown). Antibiotics
are produced by the mycelium located along the periphery of
the pellets, as well as in their center (Fig. 6¢c, d, and e). As
shown above, this is the developmental pattern of the second,
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FIG. 5. (a) Appearance of hexokinase (HK) activity in the extracellular medium as an indicator of cell lysis in submerged cultures of S.
coelicolor. Solid circles, dense-inoculum culture (1 X 107 spores/ml); open circles, diluted-inoculum culture (1 X 10° spores/ml). Error bars indicate
standard deviations. Developmental phases are shown as in Fig. 4. (b and c¢) Activity gel analysis of nucleases from dense-inoculum culture (b) and
diluted-inoculum culture (c¢) measured in the cell pellet (p) and culture medium supernatant (s). M, DNase I (31 kDa) and micrococcal nuclease
(17 kDa), which were used as controls.
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text for details.

multinucleated, mycelium emergence (compare, for example,
Fig. 1g and 6¢).

DISCUSSION

Most authors assume that no differentiation processes occur
in submerged cultures and that antibiotics are produced by the
substrate mycelium when it reaches the stationary phase (13,
25,43, 46, 61, 67). On the other hand, it is known that mycelial
morphology correlates with the production of secondary me-
tabolites, and most authors state that cellular aggregation, and
therefore pellet and clump formation, is fundamental to ob-
taining good production. This is the case for, among others,
retamycin in Streptomyces olindensis (17), nikkomycin in Strep-
tomyces tendae (60), or hybrid antibiotics in Streptomyces livi-
dans (51). The pellet characteristics (i.e., the pellet diameter
and/or the existence of an active mycelium inside) have been
otherwise related to the rate of antibiotic production, as in the
case of nystatin in Streptomces noursei (32), tylosin in Strepto-
myces fradiae (47), or actinorhodin in S. coelicolor A3(2) (18,
59). Erythromycin production by Saccharopolyspora erythraea
has been reported to take place in pellets 80 to 90 pm in
diameter or larger, supporting the idea that the antibiotic is
produced at a fixed distance from the hyphal end. Conse-

quently, mycelia that are too small and have not developed to
this length would be incapable of producing antibiotics (64). In
some cases, as in the production of virginiamycin by Strepto-
myces virginiae (66), no clear relationship between morphology
and secondary metabolite production has been encountered.
All of these observations together make it difficult to establish
a general relationship between morphology and antibiotic pro-
duction (12). Complexity increases when physicochemical and
genetic factors that also influence aggregation are considered
(6). The lack of a coherent developmental model in strepto-
mycetes has made it impossible to precisely describe reliable
phenotypes in order to analyze and optimize fermentation
processes.

We have recently described new aspects of the Streptomyces
developmental cycle in surface cultures which substantially ex-
tend the classical developmental cycle (37-39). The existence
of a previously unidentified young compartmentalized myce-
lium (first mycelium), which precedes a syncytial mycelium
with sporadic septa (second mycelium) that develops from the
compartmentalized mycelium after PCD, is the most relevant
aspect of the new Streptomyces developmental life cycle we
have proposed (37). The main objective of this work was to
expand what we have learned about the developmental model
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of Streptomyces on solid cultures to submerged culture condi-
tions, paying special attention to the relationship between dif-
ferentiation and antibiotic production. We have studied the
development and differentiation of S. coelicolor A3(2), a strain
whose genome has been fully sequenced (2), in submerged
cultures. The most important differences between surface and
submerged development reside in the absence of a second
death round and sporulation in the case of liquid cultures (see
above). However, as in surface cultures, there is a first, com-
partmentalized, mycelium (first mycelium) which begins to
group into pellets at early time points and which starts to die
from the center outward. There is also a transient growth
arrest which precedes the emergence of a multinucleated my-
celium (second mycelium) that grows from the remaining via-
ble segments of the first, compartmentalized, mycelium. Addi-
tionally, a PCD also occurs that displays the same biochemical
characteristics described in solid cultures (see above).

There is a general consensus that a transient arrest of growth
characterizes Streptomyces grown in submerged cultures (13,
25, 43, 46, 52, 67). This growth arrest precedes antibiotic pro-
duction (28) and can activate antibiotic biosynthetic genes (31,
43), antibiotic resistance genes (50), and stress response stimu-
lons (48), as well as arrest of ribosomal protein synthesis (3). In
this work, we demonstrate that this growth arrest corresponds
to the transition phase from the first vegetative compartmen-
talized mycelium to the second multinucleated differentiated
mycelium, which is the one which produces antibiotics. We
have also shown that the transient growth arrest is the conse-
quence of the death of the first mycelium in the center of the
pellets and that the resumption of growth reflects the emer-
gence of a second, multinucleated, mycelium (see above).
Death is a gradual process which starts at earlier time points
than the growth arrest (14 h, Fig. 1 and 2) and peaks during
that phase (see above; Fig. 5). The growth arrest prior to the
appearance of the second mycelium has also been detected in
solid cultures (25, 38, 55), conditions under which nutritional
stresses have been postulated to activate the formation of
aerial mycelium, secondary metabolism, and even lysis of the
mycelium (9, 11, 63). Also comparable to surface growth con-
ditions is the attenuation of the green fluorescence intensity of
some of the hyphae from the first, compartmentalized, myce-
lium, which remains alive when death processes inside the
pellets take place (Fig. 3q to t) (37). As suggested in previous
work (37), low-fluorescence viable hyphae are conceivably in a
quiescence-like state until they resume growth as a multinu-
cleated mycelium (second mycelium). Entrance into this qui-
escence-like phase could be triggered by local oxygen and/or
nutrient depletion in the pellet center. This would be in accor-
dance with recent results describing how S. coelicolor hyphae,
which remain viable during several weeks in anaerobiosis, re-
sume growth after oxygen replacement (58). Further experi-
ments are necessary to completely clarify all of these aspects.

Second, multinucleated, mycelium emergence after the
death processes under surface growth conditions has been pos-
tulated to respond to diffusible activator signals (38). Interest-
ingly, several authors have reported that pellets of S. coelicolor
(56), S. fradiae (47), or S. noursei (32) suffer lytic processes at
their centers in liquid cultures, and it has been suggested that
these lytic processes could release secondary metabolism acti-
vators (6). These data are consistent with some experimental
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observations with cell-free conditioned culture medium ob-
tained from dense-inoculum cultures which was capable of
accelerating the emergence of the second mycelium, and anti-
biotic production (from 100 h to 40 h), in diluted-inoculum
cultures (A. Manteca and J. Sanchez, unpublished results).

Analysis of antibiotic (undecylprodigiosin and actinorhodin)
production, as well as genetic expression of the undecylpro-
digiosin redD-eGFP gene, has revealed that antibiotics are
produced by the second, multinucleated, mycelium. This my-
celium, as previously seen in the presporulating aerial myce-
lium in solid cultures, emerges after a death process which
affects a compartmentalized mycelium (41). These results clar-
ify data from other authors who have claimed that redD ex-
pression is correlated with secondary metabolism, but they
were unable to associate it with any specific mycelial structure
(67). Consequently, from a phenotypic point of view, S. coeli-
color hyphae can be considered to experience a differentiation
process under submerged conditions until the presporulation
phase; this corresponds to the antibiotic-producing second,
multinucleated, mycelium. In order to characterize these types
of mycelium, proteomic and genomic analyses of the second,
multinucleated, mycelium under liquid and solid conditions, as
well as of the aerial mycelium (i.e., mycelium harboring chaplin
and rodlin proteins) (14, 41) in solid cultures, are necessary.

The new perspective on the development of S. coelicolor
A3(2) in submerged cultures provides a framework in which
hyphal differentiation and PCD processes appear to have a
profound influence on antibiotic production. This will have
interesting biotechnological implications for the fermentation
industries that use this microorganism; for example, the results
open the possibility of designing a monitoring system (26, 65)
based on the analysis of hyphal differentiation. Besides this, the
developmental features described will contribute to a better
understanding and/or interpretation of previously reported
data on submerged cultures. For instance, proteomic experi-
ments on the transient growth arrest phase of S. coelicolor have
detected several stress-induced proteins whose biological role
could not be explained (46); according to our work, these
proteins would be a consequence of mycelium death. Other
authors have reported that the culture medium is enriched
with proteins when the growth phase is complete (34), suggest-
ing that protein secretion is mainly a stationary-phase phenom-
enon. Our data open a possible different interpretation, i.e.,
that during the stationary phase a significant fraction of the
proteins present in the culture medium is released by lysis and
not by active excretion (Fig. 5).
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